S
years ago it was reported by Smith (I) that the acidity of the urine in both the marine dogfish and sculpin is fixed at about PH 5.7 and cannot be changed by the intravenous administration of sodium bicarbonate, alkaline phosphate or phlorizin. The suggestion was then made that this fixation of urine PH might be related to the fact that in the marine fishes the urine contains large quantities of magnesium which precipitates as Mg(OH)2 or MgHP0403H20 (2) if the PH exceeds 6.0. The mechanism of acidification was, by a process of exclusion, related to exchange of Hf for cations (3). Support for the H+-exchange mechanism was subsequently adduced by others (4-6) in mammals, using either sulfanilamide or the sulfonamide derivative Diamox (6063, 2-acetylamine -I, 3,4 -thiadiazole -5 -sulfonamide) to inhibit the carbonic anhydrase involved in the H+-exchange mechanism.
The present study was designed to determine whether a carbonic anhydrase-dependent system susceptible to inhibition by Diamox, exists in the kidney of the marine dogfish, and to explore further the mechanism by which a constant urine PH is maintained despite considerable change in plasma PH. During the course of these studies, using a variety of marine and fresh-water fish, it was demonstrated that: a) a carbonic anhydrase-dependent system is not involved in the acidification of the urine in the dogfish (Squalus acanthias) and in the sculpin (Myoxocephalus scorpius and M. octodecimspinosus); b) a carbonic anhydrase-dependent system does exist in the kidney of the fresh-water catfish (Ameirus nebulosus) ; and c) carbonic anhydrase plays a role in the branchial excretion of sodium bicarbonate.
METHODS
All fish were freshly caught by hand line and kept in live cars from which they were removed solely for drawing samples of blood and urine. During the sampling period, the gills were kept submerged in wellaerated sea water. In the dogfish and catfish, urine was collected by an indwelling urinary catheter attached to a rubber balloon. In the sculpin the urinary papilla was tied off and urine was collected by syringe from the exposed bladder. In all instances blood was drawn under oil from the caudal vein or the dorsal artery.
After appropriate control periods lasting from [4] [5] [6] [7] [8] [9] [10] [11] [12] hours, the test substances were injected intravenously or intramuscularly.
All samples were collected anaerobically for the determination of blood and urine pH and total CO3 content.
The PH of whole blood and urine was determined by a MacInnes-Belcher glass electrode; total CO2 by the Van Slyke-Neil1 manometric apparatus; urea by the method of Van Slyke and Cullen (7) or by the method of Seligson and Seligson (8) 
RESULTS
In the attempt to alter urine PH, a variety of substances were injected intravenously or intramuscularly into dogfish ranging in weight from 1.5-3 kg. These included NaHC03 (1.0 gm), Na2HP04 (7 oo mg), Na$04-IO Hz0 (I.0 gm>, crea tinine ( lustrated (one typical experiment) in figures 2 and 3. The injection of Diamox was followed by a marked increase in Pco2, [HCOF] and [total COZ] in the plasma, changes which reached a peak in [10] [11] [12] hours and then gradually receded. PH decreased because the increase in P co2 was relatively greater than the increase in [HCOF] . It will be noted, however, that the PH of the urine remained unaffected, and that the urinary excretion of [total COZ] and of [HCOF] was not increased. The inulin clearance did not change. Sodium excretion was generally increased, possibly in consequence of the excretion of the sodium salt of Diamox or a metabolite thereof. The excretion of phosphate and titratable acidity were not significantly affected.
An identical pattern of response was observed in the marine sculpin. Since it was necessary to kill these fish in order to collect urine, control and experimental groups were minutes. Thus the normal dogfish is able to excrete rapidly a considerable quantity of NaHC03. This NaHC03 is, however, not excreted in the urine, U,,,V and urine PH remaining essentially unchanged, and urine Na changing only slightly and inconsistently. As will be shown later, the NaHC03 is excreted by the gills.
Effects of NaHCO3 Plus Diamox. As is seen in table I and figure 4, when the administration of NaHC03 is immediately followed by the intravenous administration of Diamox (100-300 mg), excretion of NaHCO3 is to a considerable degree impaired : plasma [total COZ] and [HCOF] increase to a greater extent than after Diamox alone, but since the increase in Pco2 is relatively less than that of [HCOJ, the PH is markedly increased.
Effects of Diamox in Fresh-Water Catfish. In sharp contrast to the results obtained in the dogfish and sculpin are those obtained in the fresh-water catfish ( Extrarenal Sites of Diamox Inhibition in the Dogfish. The foregoing experiments failed to demonstrate in the dogfish a renal mechanism adequate to account for the increase in serum Pcoz and [HCOF] after Diamox. Consequently, the gut and gills were next explored as possible sites of carbonic anhydrase activity sensitive to Diamox.
Gut. Freshly caught dogfish of comparable size were placed in live cars for I week without food. At the end of this period the gastrointestinal tract was removed from control fish and divided between ligatures, separating the stomach from the intestine. Each of these segments was then washed in IOO cc of distilled water, and an aliquot of this fluid analyzed for PH, Na+, K+, Cl-and, in the case of the stomach, titratable acidity. The remaining fish in the live car were given either IOO mg of Diamox or 600 mg of NaHCO3 intravenously.
Two to four hours later the fish were killed and the stomach and intestine washed and analyzed as above.
The results, which are summarized in table 3, reveal no specific effect of Diamox or NaHCO3 on the electrolyte pattern; the aver- Gills. Dogfish were placed in a 'divided box' so designed as to contain the head and tail in separate chambers created by means of a rubber diaphragm fitting firmly around the middle of the fish. The anterior chamber of the box could be emptied through a vent in the floor, thereby facilitating rapid removal and replacement of fluid. The effectiveness of separation between the anterior and posterior chambers was tested by the addition of phenol red to the latter. The posterior chamber was cooled by a rapid continuous flow of cold sea water. The anterior chamber was oxygenated by several fine streams of oxygen.
indicating excretion of this anion by the gills. Replacement of this fluid by fresh sea water, while plasma [HCO,] was still elevated (period VI), revealed a continued excretion of [HCOB] during the ensuing hour and a half. At the end of this period the fluid in the anterior chamber was changed and an additional gram of NaHC03 and I gm of Diamox were injected intravenously. Despite a fourfold increase in plasma [HCOB] there was no further increase in the excretion of [HCOr] . In order to control a possible inhibitory effect on [HCOa] excretion owing to a decrease in the [HCOs] gradient between plasma and water, the water of the anterior chamber was replaced with fresh sea water for period IX. During this period, there was no increase in bicarbonate excretion. Changes in the composition of blood and of the water in the anterior chamber following the intravenous administration of NaHCO3 alone, and NaHC03 accompanied by Diamox, are recorded for two fish in table 4. The blood changes are similar to those described above for dogfish kept in live cars. Fish 2. In fish I, plasma [HCOr] had not returned to the control level when Diamox was given. In Jish 2, a smaller dose of NaHCO3 (750 mg) was therefore used. After the plasma [HCOr] had returned to normal (period 11) the sea water was replaced, and 200 mg of Diamox were injected intravenously. The Fish I. Sea water from the anterior drug produced characteristic changes in chamber, withdrawn z hours after the intra-plasma %02, [COZ] and PH (period III). venous injection of NaHCO3 (period IV, intravenously; no increase in [HCOB] excretion by the gills resulted, despite the increase in plasma [HCOF] .
CO2 Dissociation Curve of Dogfish Blood. Figure 5 shows the CO2 dissociation curve for normal dogfish blood based on the determination of the [total CO*] in blood following equilibration with various mixtures of CO2 and air. The results obtained from analysis of blood from dogfish which had received NaHC03 I hour before fall into the normal group, probably because of the rapid excretion of NaHC03 by the gills. On the other hand, in two fish which had received NaHC03 plus Diamox, the dissociation curve was displaced upwards, reflecting the presence of increased alkali reserve.
DISCUSSION
Fixity of Urine pH. The results presented above concerning the inability of a variety of injected substances to alter urine PH in the dogfish confirm and extend the earlier observations of W. W. Smith and Pitts. They further indicate that, despite a fixed urine PH, the titratable acidity varies in proportion to the excretion of exogenous phosphate or intravenously administered phosphate buffers. Active tubular excretion of phosphate was established by phosphate U/P ratios up to 44 with simultaneous inulin U/P ratios of 5. However, the intimate mechanism underlying phosphate excretion in the fishes remains obscure. Marshall and Grafflin (14) showed that in Lophius piscatorius phosphate tion and suggested that local synthesis of thiadiazole-s-sulfonamide, 8633)5, with a PK' phosphate by the renal tubules may also similar to that of Diamox but lacking carbonic contribute to the phosphate appearing in the anhydrase inhibiting activity. Direct tissue urine of the dogfish.
analyses for carbonic anhydrase activity,
Effect of Diamox on the Kidney.
The using a modified Philpot method (16) inacidification of the urine in the marine dog-dicated that an enzyme susceptible to infish and sculpin, contrary to that in the mam-hibition by Diamox is present in the dogfish. ma1 and fresh-water catfish, does not involve The following concentrations for carbonic a carbonic anhydrase-dependent system sus-anhydrase activity (C.A. units) were found ceptible to inhibition by Diamox (x5). The in the dogfish and compared with mammalian intravenous administration of 50 mg of an-(rat) tissue: other active carbonic anhydrase inhibitor pH, but caused changes in plasma composi--tion identical to those following Diamox. Similarly, the intravenous administration of maleate, which in mammals causes changes in urine PH and electrolyte composition resembling those observed after Diamox, had no effect on the composition of dogfish urine. However, these results in the dogfish and sculpin do not exclude the possibility that the tivity. The absence of a renal mechanism ac-best be accounted for by inhibition of carbonic counting for the decrease in blood PH and anhydrase activity in the erythrocytes and increa.se in Pcoz and [HCOF] after Diamox gills. This conclusion seems warranted from led to the consideration of other possible the following considerations : a) the inhibitors mechanisms. These changes cannot be as-of carbonic anhydrase in the erythrocytes cribed to the buffering capacity of the alkaline could cause an elevation of plasma PcO,, a salt of Diamox because they were not dupli-lesser increase in [HCOr] and consequently a cated by the intravenous administration of decrease in plasma PH (2). In order to ac-IOO mg of another sulfonamide derivative count for the reduction in excretion of NaHC03 by the gills following intravenous 6Obtained from the Chemotherapy Department of administration of NaHC03, a carbonic anhy-gills. Whether this mechanism involves exchange of anions or cations, or both, is not clear from this study, although an exchange of Na+ for H+ seems most likely. Finally it is worthy of note that these experiments on acid-base balance through no light on the mechanism by which sodium chloride is excreted by the marine fish.
SUMMARY
During the course of a study designed to investigate the mechanisms responsible for a fixed urine PH in the marine dogfish, a variety of chemical substances, including enzyme inhibitors, were injected. These uniformly failed to alter urine PH. It was further demonstrated, in contrast to the catfish and mammal, that a carbonic anhydrase-dependent system, capable of inhibition by Diamox, does not exist in the dogfish kidney. Based on sequential analysis of blood Pco2, PH and [total CO21 and after exclusion of other, extrarenal sites of carbonic anhydrase activity, it is concluded that Diamox inhibits carbonic anhydrase in the red blood cells and gills. Evidence is presented that carbonic anhydrase plays a role in the branchial excretion of sodium bicarbonate. 
